Glial fibrillary acidic protein (GFAP) is the major intermediate filament protein of astrocytes in the vertebrate central nervous system. Increased levels of GFAP are the hallmark feature of gliosis, a non-specific response of astrocytes to a wide variety of injuries and disorders of the CNS, and also occur in Alexander disease where the initial insult is a mutation within the coding region of GFAP itself. In both settings, excess GFAP may cause or exacerbate astrocyte dysfunction. With the goal of finding drugs that reduce the expression of GFAP, we have devised screens to detect changes in GFAP promoter activity or protein levels in primary cultures of mouse astrocytes in a 96-well format. We have applied these screens to libraries enriched in compounds that are already approved for human use by the FDA. We report that several compounds are active at micromolar levels in suppressing the expression of GFAP. Treatment of mice for 3 weeks with one of these drugs, clomipramine, causes nearly 50% reduction in the levels of GFAP protein in brain.
INTRODUCTION
Glial fibrillary acidic protein (GFAP) is the major intermediate filament protein in astrocytes, a macroglial cell type of the vertebrate central nervous system with diverse regulatory and support functions (1) . Expression is markedly up-regulated in the context of gliosis, the reactive response by astrocytes to nearly all types of injury and disease in the CNS (2) . In addition, mutations within the coding region of GFAP cause Alexander disease, a fatal neurodegenerative disorder initially described in young children but also having juvenile and adult-onset forms (3, 4) . These mutations lead to the formation of complex protein aggregates within the cytoplasm of astrocytes known as Rosenthal fibers and in some as-yet undefined manner cause astrocyte dysfunction with catastrophic effects on neurons and oligodendroglia (5) . Unlike other intermediate filament disorders, where dominant negative mutations are most common, the GFAP mutations causing Alexander disease appear to reflect gain of function. Increasing evidence points to the accumulation of GFAP protein above a toxic threshold as central to the pathogenesis of this disease (6) .
Drug discovery efforts for rare disorders such as Alexander disease are hampered by the high costs associated with the development and testing of new compounds. However, existing drugs often have unexpected and useful properties when evaluated in particular applications. Recently, a consortium of laboratories cooperated in efforts to screen libraries of FDA-approved drugs to identify novel treatments for several neurodegenerative disorders (7) . A screen for enhancers of glutamate transporter expression in amyotrophic lateral sclerosis led to the identification of beta-lactam antibiotics as a promising class of compounds to pursue (8) . Similarly, a screen for inhibitors of caspase-3 activation caused by the expression of mutant androgen receptors identified several drugs that could be useful in the treatment of spinobulbar muscular atrophy (9) .
Since a prevailing hypothesis regarding Alexander disease is that GFAP accumulation contributes to astrocyte dysfunction, we hypothesized that drugs or compounds that reduce GFAP levels would be beneficial. GFAP expression is largely but not exclusively regulated at the transcriptional level (10, 11) , and regulatory elements suitable for directing the expression of reporter genes in vivo have been identified in both human and mouse GFAP genes (12, 13) . With the goal of finding drugs or compounds that reduce GFAP, we have adapted primary cultures of mouse astrocytes to a 96-well format and devised screens to detect changes in either GFAP promoter activity or protein levels. For the promoter assay, we derived astrocytes from recently developed lines of transgenic mice expressing dual luciferase reporter genes under the control of the human GFAP and GAPDH promoters (14) . We report results suggesting that several compounds may be active at micromolar levels in suppressing the expression of GFAP.
RESULTS

Assay optimization and validation
To develop 96-well cell-based screening assays for suppressors of GFAP expression, we cultured primary astrocytes from a mouse line expressing the firefly luciferase reporter under the control of the human GFAP promoter (14) . The same cells were also used for a cell-based ELISA to detect the effects on GFAP protein levels. Pilot experiments optimized cell density, time in culture and assay conditions. Signals in the luciferase assay consistently yielded values that were 4000-fold above background (established from nontransgenic mice). Signals in the ELISA assay were 10-fold above background (i.e. no cells or astrocytes derived from GFAP-null mice).
Selection of chemical libraries and conditions of primary screen
To identify the compounds that decrease GFAP promoter activity and/or reduce GFAP protein levels, we chose to screen the Known Bioactive Library (KBA01) prepared by the UW-Small Molecule Screening Facility (University of Wisconsin, Madison, USA). The KBA01 library consists of 2880 compounds comprising the combined collections of two original small molecule libraries: the Prestwick Chemical Library w and the Spectrum collection. Most compounds in the Prestwick Chemical Library w are marketed drugs with known safety and bioactivity in humans. The Spectrum collection provided a wide range of biological activities and structural diversity of clinically useful drugs, natural products and non-drug chemicals. Compounds in the KBA01 library were stored as concentrated stocks in DMSO. Cells were tested for response to compounds at 10 mM after 48 h of exposure, beginning 24 h after plating into the 96-well plates (passage 2). The final concentration of DMSO used after dilution for the primary screen (1% in DMEM) had no effect on the luciferase or cell-based ELISA results.
Primary screening
A total of 36 plates were used to conduct the primary screen. Background in the luciferase assay was so low (,0.1%) that no correction was applied. Signals in the cell-based ELISA were corrected for background as determined in wells with the medium only. Z ′ -factors were calculated for each plate in the screen, using the following formula from Zhang et al. The Z ′ -factors averaged 0.64 for the luciferase assay and 0.63 for the cell-based ELISA, well above the recommended minimum of 0.5. Aggregate results are shown in Figure 1 . Our criterion for a hit was a 50% or greater reduction in the luciferase or ELISA signals after exposure to compounds. Overall, our primary screen identified 356 (12.4%) compounds that qualified as hits in the luciferase screen and 60 (2.1%) as hits in the ELISA assay (Fig. 1, Table 1 ), though some were duplicates between the two libraries.
To determine whether any of the hits identified in the first round of screening reflected non-specific toxicity, we subjected 400 compounds to repeat cell treatments and luciferase/ELISA assays, and in addition measured cell viability in parallel plates using the CellTiter-glo assay. Cells were again exposed to 10 mM of each compound for 48 h. Our criterion for acceptable viability was .70% survival. Under these conditions, compounds were again identified that reduced signals by .50% and without causing toxicity (nine in the luciferase assay and eight in the ELISA assay).
To further validate these results, we selected 38 compounds for dose-response curves, using independently purchased stocks. In addition to those cited above, we considered an additional group of compounds that caused at least .35% reduction in each round of screening, with an average of .40% reduction when combined (13 in the luciferase assay and 34 in the ELISA assay, six of these represented in both assays). We paid particular attention to compounds with known ability to cross the blood-brain barrier. However, some compounds were unavailable outside of the initial library collections and could not be further tested. We repeated the luciferase and cell viability assays after exposures for 48 h to 0-20 mM of each compound. In this third screen, eight of the compounds again achieved .50% reductions in GFAP promoter activity (in this particular experiment, none of the compounds caused .50% in GFAP protein). Table 2 provides the results of these assays for the top 10 compounds, ranked according to percent reduction in GFAP promoter activity (the complete listing of all 38 evaluated in this screen is given in Supplementary Material). At the highest doses, some compounds displayed cytotoxicity. The maximum tolerable dose for cell culture ('MTDcc') is presented as the highest concentration of drug showing acceptable cell viability (i.e. .70%).
Response of cultured astrocytes to long-term treatment with selected compounds
To evaluate the possibility that the observed reductions in GFAP promoter depend on length of treatment and assess whether changes in protein levels also occur, we performed dose-response analyses for seven of the compounds listed in Table 2 using 10 days of exposure. GFAP protein levels were measured using a sandwich ELISA. Cytotoxicity was often observed at 15-20 mM. However, consistent reductions in luciferase activity and GFAP protein levels with acceptable cell viability were observed in cells exposed to amitriptyline, clomipramine and epigallocatechin 3,5-digallate (EGCDG) (Fig. 2 ). IC50s were typically in the low micromolar range, and little or no activity was observed at nanomolar concentrations.
Response of mice to clomipramine: acute effects
Compounds that reduce GFAP expression in vitro might not do so in vivo, due to differences in astrocyte physiology or pharmacokinetic limitations. We therefore tested whether clomipramine, administered systemically to mice, influenced GFAP promoter activity and protein levels in brain. Clomipramine, a tricyclic antidepressant, was selected for this study based on its high ranking in the cell culture assay and its known ability to cross the blood -brain barrier. Dual luciferase reporter mice (the source of primary astrocytes for the initial screening assays) were treated with single injections of 40 mg/kg, IP, and brains harvested at various time points ′ -factor for each 96-well plate used in primary screening for both luciferase and cell-based ELISA assays. Eighty compounds were tested per plate. Plate numbers were arbitrary. The average Z ′ -factor for all luciferase plates in the Prestwick screen was 0.67 and in the Spectrum screen was 0.61. The average Z ′ -factor for all cell-based ELISA plates in the Prestwick screen was 0.6 and in the Spectrum screen was 0.67. (D) Sample plate from primary screen using luciferase assay, with activity levels illustrated by Heat Map. Cells treated with compounds (columns 2-11) were compared with untreated cells (columns 1 and 12). Green represents the maximal reduction and red represents the maximal activation, compared with control luciferase activity. (E) Sample plate from primary screen using cell-based ELISA, imaged using a Storm 860 phosphoimager. Cells treated with compounds (columns 2 -11) were compared with untreated cells (column 12). Background was assessed in wells containing medium only (column 1).
after injection from 0 to 48 h. For these experiments, the measurement of GFAP promoter activity was performed using the Dual-Glo assay, which takes advantage of the second transgene that encodes Renilla luciferase under the control of the housekeeping GAPDH promoter. Normalizing the GFAP signal to the GAPDH signal was previously found to reduce inter-animal variability (14) . As shown in Figure 3A , clomipramine treatment caused a transient reduction in promoter activity that peaked at 4 -6 h after injection. Promoter activity returned to normal by 24 h. There were no changes in GFAP protein levels during this brief time period (data not shown). We next treated dual luciferase mice with varying doses of clomipramine (0 -40 mg/kg, IP), and brains were collected at 4 h after injection for the measurement of GFAP promoter activity. As shown in Figure 3B , a single injection of 40 mg/kg produced a 36% reduction in promoter activity, whereas doses of 5 -20 mg/ kg were without effect. Clomipramine concentrations were determined in plasma and brain following single IP injections of the 40 mg/kg dose. At 1 h following injection, the concentrations of clomipramine were in a range comparable to that found effective in cultured astrocytes (6 and 3 mM for brain and plasma, respectively).
Response of mice to clomipramine: chronic effects
To achieve significant reductions of GFAP protein in vivo almost certainly requires chronic treatments, given the slow turnover of this protein (16) . However, pilot studies using daily injections of 40 mg/kg clomipramine resulted in weight loss after 2 weeks and were discontinued. We therefore extended the interval between doses to 2 days and treated dual luciferase mice with 40 mg/kg clomipramine IP for 3 weeks without any apparent ill effects. Controls were injected with vehicle alone. One day after the last injection, brains were harvested and assayed for both GFAP promoter activity and GFAP protein. Clomipramine-treated mice displayed a 26% reduction in GFAP promoter activity (Fig. 4A, * P , 0.05, unpaired t-test). Most remarkably, these same mice displayed a 57% reduction in GFAP protein (Fig. 4B , * * * P , 0.001, unpaired t-test). There was no significant change in the activity from the housekeeping GAPDH promoter in the same mice (data not shown).
Response of Alexander disease cell culture model to clomipramine
We considered the possibility that the response to compounds identified above might be different in astrocytes whose baseline expression of GFAP is elevated above normal, as occurs in the context of disorders such as Alexander disease (17 -19) . We therefore tested the response of astrocytes derived from TgGFAP-wt mice, a mouse model of Alexander disease that constitutively over-expresses wild-type human GFAP and that forms Rosenthal fibers identical to those in the human disease (20) . Primary cultures were derived from whole brains of newborn TgGFAP-wt mice as previously described (20) and studied during passage 1, the period when Rosenthal fibers initially form. At 1 day in vitro (DIV), 5 mM clomipramine or vehicle as a control were added to the culture medium. After varying durations of drug treatment (re-feeding every 3 days), cells were fixed and stained with anti-GFAP antibodies for immunofluorescence microscopy. Exposure to clomipramine caused a reduction in staining intensity for GFAP, and a delay in the appearance of GFAP aggregates, although eventually the percentage of cells with aggregates reached the same levels as in vehicle-treated cells (Fig. 5) .
DISCUSSION
We sought to identify compounds capable of reducing GFAP levels in brain, with the long-term goal of developing a treatment for disorders such as Alexander disease where excessive accumulation of GFAP appears to be a central element of the disease. Reducing GFAP levels may also be useful in the context of chronic gliosis, the nearly universal response of astrocytes to diverse injuries or diseases of the central nervous system. Using primary cultures of mouse astrocytes, we screened 2880 compounds for their ability to reduce GFAP promoter activity or protein immunoreactivity after short-term (i.e. 48 h) exposure. After three rounds of screening, eight compounds consistently reduced expression below our arbitrary criteria for a 'hit', 50% reduction with no more than 30% cell death. Among this group, there were few evident structure -function relations, with the exceptions of clomipramine and amitriptyline which are both tricyclic antidepressants that share a common three-ring backbone. While primary astrocyte cultures were chosen as a practical system in which to conduct the initial screens, it is important to realize the many ways in which cultured astrocytes differ from astrocytes in vivo, which exist in a complex anatomical and physiological context. One compound, clomipramine, was selected to investigate whether it could also reduce the expression of GFAP in vivo. Single doses of clomipramine resulted in transient reductions in GFAP promoter activity. Of most importance, repeated administration of clomipramine over a 3-week period resulted in a substantial reduction in the total level of GFAP. Clomipramine, like other tricyclic antidepressants, has diverse effects on the central nervous system that are often attributed to the inhibition of uptake of serotonin and to a lesser extent norepinephrine (21) (22) (23) . Which of these activities are responsible for the antidepressant effects is not clear. In addition, the acute effects of clomipramine may be very different from chronic effects, where many changes in cell signaling pathways and gene expression may occur (24, 25) . It is interesting that clinical efficacy in humans typically requires treatment over a period of weeks, similar to the time frame in which changes take place in GFAP.
Clomipramine is currently approved by the FDA for the treatment of obsessive-compulsive disorder (26, 27) , but a number of off-label uses exist for conditions such as enuresis (28) , narcolepsy/cataplexy (29) , premature ejaculation (30), depression (31) and anxiety (32) . As might be expected, clomipramine can have numerous potential side effects as well, including a spectrum of anti-cholinergic effects and induction of seizures (24) . Some side effects, such as hyperglycaemia, could reflect direct actions on serotonin receptors (33), some of which are present on astrocytes (34) . Whether the concentrations we found effective in cultured astrocytes (5-10 mM) accurately predict the responsiveness of astrocytes in vivo is not known. However, we found that the concentration of clomipramine in brain at least transiently reaches this range following IP injection. The plasma concentration of clomipramine (sometimes considered in combination with the active metabolite, desmethyl-clomipramine) that is considered therapeutic in humans is in the range of 0.3-1.75 mM (31) (reviewed in 24, 25, 35) , close to the levels necessary for suppression of the GFAP promoter in mice.
We do not yet know how clomipramine causes the reduction in GFAP levels. Its effect on primary astrocytes suggests a direct action on these cells. The transcriptional regulation of GFAP is still poorly understood. The transcription factors Stat3 (36,37), NF1 (38) , NFkB (38), AP-1 (39) and pCREB (40) have all been proposed to contribute to its regulation. Figure 2 . Dose-response curves for amitriptyline, clomipramine and EGCDG evaluated for percent reduction in GFAP promoter (top row) or protein levels (bottom row). Astrocytes from GFAP-luciferase transgenic mice were exposed to each compound at 0 -20 mM for 10 days. IC50s were calculated from fitted curves (see Materials and Methods). Toxicity was observed for all three compounds at the highest dose, 20 mM. Each point represents the mean of triplicate wells. However, most of these studies were performed in cell culture and await confirmation in vivo, where regulatory mechanisms can be quite different (41) . In addition, the actions of clomipramine in vivo could be further augmented or even supplanted by indirect actions via neurons or microglia (42) .
Any attempt to reduce the overall levels of GFAP protein must consider the rates of both synthesis and degradation. One might assume that the dual luciferase reporter mice using the GFAP promoter indirectly monitor changes in synthesis and respond on a relatively short time scale to various stimuli affecting transcription. Indeed, the effects of clomipramine on GFAP promoter activity were seen within hours of drug administration. However, if GFAP is similar to neurofilaments in being a long-lived protein (43, 44) , lengthy periods of time may have to elapse before significant reductions in protein take place, even in the face of substantial reductions in synthetic rate. The actual degradation rate of GFAP has been documented only three times, with inconsistent results. Using primary cultures of rat astrocytes, Chiu and Goldman (45) found biphasic kinetics of GFAP degradation, with halftimes on the order of 12-18 h for 40% of the GFAP and 8 days for the remainder, whereas Morrison et al. (46) found only monophasic kinetics, with a half-life of 7.5 days. More relevant for eventual therapeutic applications is the GFAP degradation rate in vivo. This rate has only been measured once, in mouse spinal cord, where GFAP displayed a half-life of approximately 9 weeks (16) . In this light, our finding that only 3 weeks of treatment with clomipramine leads to a 50% reduction in GFAP protein is surprising. Our results suggest either that GFAP half-life in vivo is considerably shorter than previously observed or that turnover varies by anatomic site or background strain of mouse. Alternatively, clomipramine may synergistically effect both synthesis and degradation so as to accelerate the drop in total protein levels.
Our findings raise a number of interesting questions. First, the initial screen employed primary cultures of astrocytes derived from wild-type mice, with normal levels of GFAP expression. We subsequently found that clomipramine was at least partially effective in astrocytes containing elevated levels of GFAP and Rosenthal fibers, as occurs in Alexander disease. However, it is not known whether clomipramine and other candidate compounds will be useful for the broad Another group of mice were injected with the same volume of vehicle alone (n ¼ 15). Brains were bisected sagittally with one half analyzed for GFAP promoter activity using the Dual-Glo assay and the other half analyzed for GFAP protein using the sandwich ELISA. (A) Clomipramine-treated mice show a 26% reduction in promoter activity compared with vehicle-treated controls.
(B) Clomipramine-treated mice show a 57% reduction in total GFAP content compared with vehicle-treated controls. Graphs present the mean + SD ( * P , 0.05, * * * P , 0.001, unpaired t-test).
category of disorders with reactive gliosis, where the reactive phenotypes and changes in gene expression may be different from Alexander disease (2,47 -49) . Second, we have currently studied the effects of only one compound in vivo (clomipramine), and several other compounds shown in Table 2 appear worthy of further investigation. For instance, the top-ranked compound from the culture-based screen, diaziquone, suppressed GFAP promoter activity by over 80%. However, diaziquone is an alkylating agent that was initially developed as an anti-neoplastic agent and has a very short half-life in plasma of only 33 min (50), both features rendering it less appealing for long-term administration. Decisions about which other compounds from Table 2 should be pursued should take into account a number of factors, including their ability to penetrate the blood -brain arrier and range of potential side effects.
MATERIALS AND METHODS
Primary astrocyte culture and compound treatment
Enriched cortical primary astrocyte cultures were obtained from FVB-Tg(GFAP-luc,GAPDH-luc)172.9Mes/J mice (JR#9638) at post-natal days 1-2 and grown as previously described (14, 20) . After 2 -3 weeks, cultures were treated with 0.25% trypsin-EDTA (Invitrogen) to yield a single cell suspension and washed five times with DMEM (Invitrogen). Cell density was measured with the Vi-CELL cell counter (Beckman Coulter) or hemocytometer by the trypan-blue exclusion method. Cells were plated in poly-D-lysine-coated white 96-well plates (Becton Dickinson) for luciferase activity assay or poly-D-lysine-coated black-wall/clear-bottom 96-well plates (Beckton Dickinson) for cell-based ELISA assay. Under these conditions, the cell cultures typically consist of .95% GFAP-positive cells. For the primary and secondary screens, cells were plated at a density of 5000 cells/well in 100 ml media with the Biomek FX liquid handler (Beckman Coulter) at the Small Molecule Screening Facility (University of Wisconsin-Madison). Cells were maintained in DMEM supplemented with 10% (v/v) fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin. Candidate drugs and compounds for screening were obtained from two sources, the Prestwick Chemical Library w (http://www. prestwickchemical.fr/) and the Spectrum collection (http:// www.msdiscovery.com/spectrum.html), both available as 10 mM stocks in DMSO. These stocks were further diluted to 1 mM in DMSO for long-term storage. For simplicity of presentation, all members of these two libraries will be referred to as 'compounds' in this report.
For both the primary and secondary screens, 80 compounds were screened per 96-well plate. Two columns (eight wells each) were reserved as controls. In the luciferase assay, these two columns served as positive controls (i.e. maximum GFAP signal), consisting of astrocytes grown in the absence of any compound. In pilot studies, we found that background in the luciferase assay (either from empty wells or wells containing non-transgenic astrocytes) was essentially zero, so no negative control wells were deemed necessary. In the cellbased ELISA, one column served as positive controls (again, astrocytes grown in the absence of compounds), and one column as negative controls (no astrocytes). Pilot studies using cells from GFAP-null mice (51) showed that 10% of the signal obtained from wells with wild-type astrocytes represented background. For simplicity in the primary screen, we used wells devoid of cells to define ELISA signal from background. Treatment with compounds commenced at 24 h after dispersion into the 96-well plates (passage 2), and continued for 48 h, at a single concentration of 10 M in medium with 1% DMSO. In subsequent dose -response and cytotoxicity assays, cells were exposed to a range of concentrations of selected compounds (0.1 -20 M) for varying lengths of time. Investigators were blinded to the identity of compounds until the primary screens were completed.
Luciferase activity assay
For detection of firefly luciferase activity in cultured astrocytes, the manufacturer's protocol (E 2610, Promega) was modified and optimized to give reliable signal intensities in a 96-well format. After exposure to compounds, luciferase activity in the primary and secondary screenings was determined by adding 30 ml of Bright-Glo reagent (Promega) to the 100 ml of media and cells of each well in the white 96-well plates with the Biomek FX liquid handler (Beckman Coulter). After incubation for 1 min at RT, signals were measured with the Safire II plate reader using Magellan software (Tecan). For some assays that were aimed at confirming results of the initial screens, the same amount of Bright-Glo reagent was applied to each well in 96-well plates and signals were detected with the GloRunner Microplate Luminometer (Turner Biosystems). For the detection of both firefly and Renilla luciferase activities in tissues from dual transgenic mice, the Dual-glo luciferase assay was performed as previously described (14) .
Cell based ELISA for quantitation of GFAP
For the primary and secondary screens, 5000 cells were plated per well in poly-D-lysine-coated clear-bottom/black-wall 96-well plates (Becton Dickinson) and treated with compounds for 48 h as described above. Cells were then fixed with 100% methanol for 20 min at RT. Cells were then rinsed five times with 0.1% Triton X-100/PBS for 5 min per wash. After blocking with LI-COR Odyssey blocking buffer w (LI-COR) at RT for 1.5 h, cells were incubated with rabbit anti-GFAP antibody (1:5000, DAKO) diluted in Odyssey blocking buffer w overnight at 48C. Plates were rinsed five times with 0.1% Tween-20/PBS for 5 min per wash and incubated with IRDye TM 800CW goat anti-rabbit (1:800, LI-COR) diluted in Odyssey blocking buffer w containing 0.5% Tween-20 for 1 h at RT. Cells were washed five times for 5 min each with 0.1% Tween-20/PBS. Plates were scanned with the Odyssey w Infrared Imaging System (LI-COR) using the 800 nm channel. Liquid handling was performed using the mFill reagent dispenser (Bio-Tek Instruments, Inc.).
Cell viability
Cells were plated in poly-D-lysine-coated white bottom 96-well plates at a density of 5000 cells/well. After exposure to each compound (duplicate wells per compound), 50 ml of CellTitier-Glo Luminescent Cell Viability Assay reagent (G7571, Promega) was added to the 100 ml of media present in each well, and the luminescent signal (reflecting intracellular ATP level) was detected with either a Victor 3-V plate reader (Perkin Elmer) or GloRunner Microplate Luminometer (Turner Biosystems). Cell viability was expressed as a percent of non-treated control cells.
Sandwich ELISA for quantitation of GFAP protein
Cells grown in poly-D-lysine-coated clear-bottom 96-well plates (Becton Dickinson) were washed three times in PBS and then lysed at RT in 1% SDS/PBS, 2 mM EDTA and 50 mM Tris, pH 7.5, supplemented with Complete Proteinase Inhibitor Cocktail (Roche Applied Biosciences, cat. #11836145001) (20) . The extracts were harvested from each well and the total GFAP content of each well was measured by a sandwich ELISA as described previously (20) . The ELISA signals were normalized to total protein concentration of comparable wells from replicate 96-well plates, lysed in 1% SDS-proteinase K, using the BCA Protein Assay Kit (Thermo Scientific).
Immunofluorescent microscopy
Cells were grown in poly-lysine-coated four-well chamber slides (Nunc Nalge) at a density of 40 000 cells/well. After various periods of culture and drug treatment, slides were rinsed twice in PBS and fixed with 4% paraformaldehyde for 10 min at RT. Cells were then rinsed three times in PBS and permeabilized with 100% EtOH for 2 min. After more rinses in PBS, slides were blocked with 5% donkey serum in 0.1% Triton X-100/PBS for 1 h at RT and then incubated with a mouse monoclonal anti-GFAP antibody (1:1000, Chemicon) overnight at 48C. The cells were then rinsed three times in PBS and incubated with Alexa-488 conjugated antimouse antibody (1:500, Molecular Probes). Coverslips were applied using Vectashield hard-set mounting medium containing DAPI (Vector Laboratories). Images were obtained from a Nikon C1 confocal microscope at the Cellular and Molecular Neuroscience Core of the Waisman Center at the University of Wisconsin-Madison. The proportion of GFAP immunoreactive cells containing GFAP inclusions was determined at each time point by counting 71-251 cells taken from three independent fields.
Clomipramine treatments of mice
In acute dosing studies, adult mice from the TgGFAP/ GAPDH-Dual-Glo line (Tg172.9, FVB/N background) (males, 3 -4 months old) were treated once with 0 -40 mg/ kg clomipramine (Sigma, C7291) freshly dissolved in water, via intra-peritoneal injections (4 mg/ml stock concentration, 10 ml/kg injection volume). At various times after injection, brains were harvested for the measurement of GFAP promoter activity using the Dual-Glo luciferase assay and GFAP protein using a sandwich ELISA as previously described (14) . In some animals, clomipramine concentrations in brain and serum (collected from axillary arteries) were determined by HPLC analysis at the Pharmacokinetics Core Facility of the UW-Madison Comprehensive Cancer Center. In chronic dosing studies, adult mice of the same transgenic line (females, 2 -4-month old at the onset of treatment) were given IP injections of clomipramine at 40 mg/kg, every other day for 3 weeks. Injections were given in the afternoon, between 3 and 5 PM. Controls were transgenic littermates injected with vehicle alone. At the end of the 3-week course of injections (and 1 day after the last injection), brains were harvested for the analysis of GFAP promoter activity and protein levels as described above. All animal studies were approved by the University of Wisconsin-Madison Institutional Animal Care and Use Committee.
Data analysis
For the results of luciferase assays, heat maps (Java Treeview) (52) were generated to indicate the percent reduction in GFAP promoter activity. Percent reduction was displayed by a decrease in luminescent signals of compound treated wells compared with untreated controls with the Java Treeview 1.1.1 software (General Public License). Potency of drugs referred to as IC50 was calculated by generating percent reduction curves fitted for the plots with the XLfit Software (IDBS). For comparing two groups, statistical significance was considered if P , 0.05 by t-test or two-way ANOVA (Prism 3.02, GraphPad).
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